[1] High-pressure Raman and X-ray diffraction data on single crystals of hydrous layer-structure minerals, dickite and gibbsite, reveal structural phase transitions occurring between 2.0 and 2.5 GPa. In the case of dickite, this is the first documented occurrence of a pressure-induced phase transformation in a 1:1 phyllosilicate. Above the transition the structure of individual 1:1 layers remains unchanged, whereas the stacking of individual layers and the interlayer topology change significantly. Similar to dickite, single-crystal Raman spectra of gibbsite show large perturbations in the v(OH) region and suggest that the interlayer OH groups play a critical role in the phase transformation.
Introduction
[2] The behavior of hydrous layer-structure minerals (HLMs) under high pressure (<4 GPa) is of considerable interest technologically and scientifically for a number of disciplines, including mineralogy, geophysics, and solidstate physics. These phases are important components of sedimentary materials in subduction zones, and they may influence dynamic processes of water regulation in the Earth's mantle and play a role in triggering deep-focus earthquakes. Aluminosilicate clays contained in sediments influence petrology, magmatic evolution, and aqueous geochemistry in subduction zones at the slab-mantle interface. According to [Windom, 1976] and [Weaver, 1989] , oceanic sediments contain from <5% to locally as high as 60% kaolinite, with higher values generally occurring in low latitudes, adjacent to land masses with tropical humid climates where weathering is intense. Kaolinite generally decreases in abundance towards the poles and from the near shore to deep sea. The worldwide average kaolinite composition of oceanic sediments in major oceanic basins is 14.2% [Windom, 1976] , with the Atlantic and Caribbean sediments containing on the order of 20% and Pacific sediments containing 8%. For example, Manning recently considered PT relations in the K 2 O-Al 2 O 3 -SiO 2 -H 2 O system (including 1:1 phyllosilicates) in the depth range from 0 to 70 km ($2 GPa) and temperatures up to 1000°C [Manning, 1996] . Among recent high-pressure studies of HLMs, attention has focused mostly on Mg(OH) 2 , Ca(OH) 2 , and Al(OH) 3 and related hydroxides [Raugei et al., 1999; Catti et al., 1995; Huang et al., 1996 Huang et al., , 1999 . Although the relative abundance of these materials in the Earth's crust is low, they are thought to be important sources of water in the mantle. In addition, the response of the layer structures to increased pressures can shed new light on interlayer bonding energetics and the factors controlling layer stacking sequences. A number of HLMs exhibit the ability to intercalate guest molecules and ions in their interlayer spaces, and some HLMs have found applications as molecular sieves [Barrer, 1978] . Thus these pressure-induced structural phase transformations may have significant consequences for their technological applications.
[3] Spectral features related to the structural hydroxyl groups of HLMs, such as positions and intensities of O-H stretching vibration (v(OH)) bands, are sensitive indicators of pressure-or temperature-induced changes in the local environments of these groups [Gillet et al., 1998; Prewitt and Parise, 2000] . In the case of brucite (Mg(OH) 2 ), a trioctahedral layered hydroxide, the position of the v(OH) band is strongly influenced by changes in pressure. Upon compression, the v(OH) band weakens (i.e., shifts to lower energy) with a nearly linear pressure dependence of $7 cm À1 /GPa [Duffy et al., 1995] . Similar negative pressure coefficients have been reported for gibbsite (Al(OH) 3 ) [Huang et al., 1996] . Compared with the relatively simple structure of brucite, which contains only one type of structural OH group, the structure of gibbsite is more GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 16, 10.1029 /2002GL015402, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL015402$05.00 complex with six unique OH groups per unit cell [Wang and Johnston, 2000; Johnston et al., 1998 ]. Recent Raman and X-ray diffraction (XRD) studies have shown that a nonreversible phase transition occurs in gibbsite at pressures above 3 GPa [Huang et al., 1999] .
[4] The 1:1 dioctahedral phyllosilicates of the kaolin group are topologically related to layered hydroxides. Since Pauling and Gruner's early work [Pauling, 1930; Gruner, 1932] , the chemical and physical properties of kaolin group minerals have continued to attract attention [Benco et al., 2001 ], but their high-pressure behavior and elastic properties have not been studied. These minerals represent a unique class of HLMs that are ubiquitous in the Earth's crust and may be regarded as model systems for more complex silicate HLMs. The structure of the kaolin group minerals (Al 2 Si 2 O 5 (OH) 4 ) consists of one sheet of silicon atoms in tetrahedral coordination and one sheet of aluminum atoms in octahedral coordination [Bish and Johnston, 1993; Bish, 1993] . The crystal structure of dickite and its corresponding IR spectrum are shown in Figure 1 . The Al octahedral sheet of dickite is similar to that of gibbsite, terminated on one side by the Si-tetrahedral sheet. There are two types of OH groups in dickite, an inner-OH group located between the Si-tetrahedral and Al-octahedral sheets, and OH groups located in the interlayer region ( Figure 1 ). The 3623 cm À1 v(OH) band in the IR and Raman spectra of dickite is assigned to the inner OH group and the higher frequency bands are assigned to the interlayer OH groups [Johnston et al., 1998 ]. The vibrations of the hydroxyl groups provide considerable information on the interlayer vs. intralayer structural response to changes in temperature or pressure.
[5] Vibrational spectra for phyllosilicates at high pressure are limited and are available only for 2:1 phyllosilicates, which are structurally distinct from the 1:1 phyllosilicates studied here in that they do not possess interlayer OH groups. No high-pressure vibrational or structural data on 1:1 phyllosilicates have been reported previously. The v(OH) Raman bands for 2:1 phyllosilicates typically show relatively small, linear shifts in position with increasing pressure (Figure 2 , shown in gray) [Holtz et al., 1993] . For the 2:1 trioctahedral minerals talc and biotite, the positions of the v(OH) bands show weak, positive pressure coefficients (change in position with increasing pressure), whereas negative pressure coefficients were found for the 2:1 dioctahedral minerals muscovite and margarite ( Figure 2 ) [Holtz et al., 1993] .
[6] In this study we used diamond anvil cell (DAC) methods (Merrill-Bassett DACs) to examine the behavior of single-crystal specimens of dickite, a representative member of the kaolin group 1:1 phyllosilicates, as a function of pressure, using Raman spectroscopy and X-ray diffraction. Single-crystal Raman spectra were also obtained for gibbsite in a methanol/ethanol hydrostatic medium for comparison with the dickite spectra. Dickite was selected for this study because larger ($40 mm) and more perfect crystals can be obtained than for other kaolin minerals. A methanol/ethanol solution was used as a hydrostatic medium for both the Raman and XRD experiments. The ability of X-ray diffraction methods to provide accurate structural information on the role of H in these minerals is limited, particularly at high pressure. Although more difficult to interpret in the case of significant structural rearrangements, Raman spectroscopic results are much more sensitive to changes involving H and are therefore best suited to examine the role of hydrogen bonding. Together, these methods provide complementary and more complete information about pressure-induced changes.
[7] In situ single-crystal Raman spectra of dickite in a hydrostatic fluid show that a major structural change occurs at a pressure between 1.9 and 2.6 GPa (Figure 2a ). This phase transition is reflected by abrupt shifts in the positions of all three of the v(OH) bands (Figure 2b ). In addition, the pressure coefficients are strongly perturbed at the phase transition, with reversal of pressure coefficients from negative to positive values for two of the OH groups ( Figure 2b , Table 1 ). For comparison, in situ single-crystal Raman spectra of gibbsite are shown in Figure 3 . Single-crystal Figure 1 . The crystal structure of dickite [Bish and Johnston, 1993] projected along [100] is shown on the left side and its corresponding IR spectrum is shown on the right side along with the assignments of the v(OH) bands to the structural OH groups [Johnston et al., 1998 ]. Raman spectra of gibbsite at high pressure have not been reported previously, but Raman spectra of a powdered gibbsite sample suggest the existence of a phase transition to norstrandite at $3 GPa [Huang et al., 1996] . Our highpressure single-crystal Raman spectra of gibbsite show that a phase transition occurs at $2.2 GPa (Figure 3) , with an abrupt change in the number and positions of the v(OH) bands. We include these data here because the Al-octahedral layer in dickite is similar to that of gibbsite. Although occurring at approximately the same pressure as the transition in dickite, the phase transition is not completely reversible and only shows negative pressure coefficients.
[8] The phase transition in dickite suggested by the Raman data was confirmed by high-pressure single-crystal X-ray diffraction and was found to occur between 1.9 and 2.5 GPa. The complete structure of the high-pressure phase was determined at 4.1 GPa. The structural change consisted of a shift in the layers, with the stacking sequence and interlayer hydrogen bonding topology changing significantly. Although the space group of the high-pressure form of dickite remained the same (Cc) [Bish and Johnston, 1993] , the b angle was reduced from 96.7°at low pressure (LP) to 90.4°at high pressure (HP). The a and b unit-cell parameters reduced by only 1.1 and 1.9% respectively from 1.9 to 4.1 GPa, but the c parameter reduced by 3.5%, yielding a total volume reduction of 5.7% over this pressure range. Remarkably, the phase transition is reversible and the original structure was restored upon reducing the pressure below 2.2 GPa, as evidenced by both XRD and Raman spectroscopy.
[9] The low-and high-pressure crystal structures of dickite projected along [100] are shown in Figure 4 . The thick dashed line is included to show the pressure-induced layershift. The phase transition occurs when one of the layers is shifted relative to the other. According to the OO distances, the hydrogen bonds between the siloxane oxygen atoms and the opposing Al-OH groups are shifted by one oxygen atom (Figure 4) . However, the hydrogen atoms appear to be more recalcitrant and still maintain some association with ''old'' proton acceptor on the siloxane surface. The H-bonds in the high-pressure structure are considerably more non-linear and bifurcated. Note that for OH 2 , the O-H..O distances are shifted from 0.205 and 0.322 nm to 0.252 and 0.243 nm (Table 2 ). The importance of the hydrogen bond angle in high-pressure vibrational studies of minerals has recently been addressed [Hofmeister et al., 1999] .
[10] Because of the relatively low symmetry of each individual sheet, there are at least 12 different ways in which the individual layers can be stacked on top of each other [Bailey, 1988] . Only three polytypes are found in nature, namely kaolinite, dickite and nacrite. One of the main constraints in producing these energetically favorable structures is minimizing the O-HO distances of the three interlayer OH groups and the opposing oxygen atoms on the siloxane layer (proton acceptor). The various polytypes within the kaolin group cannot be inter-converted at high pressure. Each layer is identical in kaolinite. In contrast, the position of the vacant octahedral site in dickite alternates between B and C sites in successive octahedral sheets, as defined by Bailey [Bailey, 1963] . The alternating pattern of vacant sites results in a 2-layer structure (c = 1.438 nm) and produces a glide plane, which is absent in kaolinite. The glide plane in dickite is a reflection in the (010) plane followed by translation through half a lattice repeat. This symmetry operation can be seen in the 001 projection of the inner-OH groups of dickite that shows the alternating orientation of the OH groups with respect to the b-axis in successive layers and is the reason dickite cannot be transformed into kaolinite under pressure. However, the highpressure data show that a new polytype formed under pressure as a result of the layer shift. [11] As in other layered hydrous minerals, the direction perpendicular to the layers in dickite is the most compressible. A summary of the structural changes for the nonhydrogen atoms is given in Table 3 . Upon compression from 0.1 MPa to 4.1 GPa, the interlayer compressed by 9.6% with an accompanying compression of the Si tetrahedral layer of 7.2%. Of interest is the pressure-induced increase in layer thickness of the Al-octahedral layer that increased by 4.8%. This is also reflected by the changes in the Al-O bond lengths shown below. The upper Al-O bonds (Figure 4 ) increased in length by 5.7% upon compression compared with a decrease of 2.3% in the lower Al-O bond lengths. The Si-O bond lengths decreased by an average of 2.6% (Table 3) .
[12] The unusual pressure dependence of the dickite structure is attributed to compression mainly along the caxis and is clearly reflected by the strong spectral perturbations of the v(OH) bands. The negative and positive pressure coefficients result from decreasing and increasing interlayer O-HO distances, respectively. Although the space group of dickite did not change, the interlayer topology was strongly perturbed resulting from layer translation. The fact that the phase transition is reversible sheds new light on layer stacking energetics and the factors controlling the manner in which individual layers stack. 
